penicillin antimicrobials or the physical condition of patients does not allow the common antimicrobial treatment [24, 25] . Although Listeria is usually susceptible to many antimicrobials of clinical importance, antimicrobial-resistant Listeria does occur, both in clinical settings and along the food chain [9, 22] . Additionally, inter-species variation in antimicrobial susceptibilities has been reported in Listeria. Antimicrobial resistance was observed in 0.6% of L. monocytogenes compared to 19.5% of L. innocua from retail foods [8] . Davis and Jackson [22] reported all six L. welshimeri and all four L. innocua isolates resistant to penicillin, whereas none of 90 L. monocytogenes resistant to this antimicrobial. Another study examining Listeria of multiple origins found that L. grayi had higher resistance prevalence against trimethoprim and sulfamethoxazole/trimethoprim than other Listeria species [26] . Although L. grayi is distantly related to the other Listeria species [10] , these findings may still be a reflection of speciesdependent antimicrobial susceptibilities in Listeria. Since most resistance phenotypes in Listeria appear as a result of horizontal transfer of resistance genes [21, 23, 27, 28] , the genetic exchange among different species may facilitate the emergence of antimicrobial-resistant strains that have potential to cause human diseases. This is especially of concern when multiple Listeria species exist in the same environmental niches.
L. monocytogenes includes 13 serotypes, three of which (1/2a, 1/2b, and 4b) have been associated with the vast majority of foodborne infections. The overrepresentation of L. monocytogenes serotype 1/2a in food isolates has been speculated to be associated with their higher resistance prevalence than other serotypes to food sanitizers and phage in food processing environment [29] [30] [31] . However, studies comparing antimicrobial resistance among L. monocytogenes serotypes are still limited and they may provide more insight into antimicrobial selection on the prevalence of different serotypes in both agricultural and clinical environments.
The present study aimed at understanding the distribution of Listeria species and L. monocytogenes serotypes in retail meat as it related to their antimicrobial susceptibilities. The data will add to our knowledge of the extent of antimicrobial resistance reservoir in foodborne Listeria and also the contribution of antimicrobial resistance to the occurrence of different Listeria in the environment.
Sample description and bacterial isolation
A total of 243 raw meat samples, including 133 beef, 65 chicken and 45 turkey samples, collected in local grocery stores in the metro Detroit area were examined for Listeria contamination. FDA Bacteriological Analytical Manual protocols [32] were followed with modifications for Listeria isolation. Twenty-five grams of each sample was aseptically transferred into stomacher bags containing 225 ml of buffered Listeria enrichment broth (BLEB, Difco, Detroit, MI) and homogenized for 2 minutes. Fifty milliliters of the homogenized sample were incubated at 30°C for 4 hours for pre-enrichment, followed by an addition of selective agents, acriflavin (10 mg/L) and nalidixic acid (40 mg/L) and incubation for 48 hours at 30°C.
Enriched broth was spread on PALCAM agar (Difco, Detroit, MI) at 24 h and 48 h of selective enrichment. Plates were incubated at 35°C for 24 h. Potential Listeria was streaked on Rapid L'mono differentiation agar (Bio-Rad Laboratories, Hercules, CA) for species identification, followed by PCR confirmation of Listeria [33] .
Antimicrobial susceptibility testing
Antimicrobial susceptibility testing of Listeria was performed by the disc diffusion method as recommended by the Clinical Laboratory Standards Institute [34] . The following antimicrobials were tested: ampicillin, chloramphenicol, ciprofloxacin, erythromycin, gentamicin, penicillin, sulfamethoxazole/trimethoprim, tetracycline, and vancomycin (BD, Franklin Lakes, NJ). Diameters of growth inhibition zones were measured and interpreted according to the breakpoints recommended by CLSI. The only resistance breakpoints available for Listeria are those for ampicillin and penicillin. For antimicrobials that currently have no interpretive criteria, resistance breakpoints for staphylococci and enterococci were applied.
Staphylococcus aureus ATCC 25923 and L. monocytogenes ATCC 19115 were used as quality control microorganisms.
DNA extraction by boiling method
Bacterial strains of L. monocytogenes were recovered from -80ºC and after thawed and streaked on BHI and incubated at 37ºC overnight were used for DNA extraction. Bacterial culture was collected and resuspended in 500 µl of deionized water, vortexed, and placed on thermocycler for 10 min. at 100ºC. The samples were centrifuged at 14,000rpm/min. for 5 min. and the tubes were gently removed from the centrifuge. The supernatant was transferred to microcentrifuge tubes and labeled. Samples were then stored at -20ºC for further use. A 2 µl of supernatant was used for PCR reaction.
L. monocytogenes species and serotype identification
PCR was performed to identify L. monocytogenes species, serotypes 1/2a, 1/2b, and 4b, as previously described [33, 35] . Genomic DNA was extracted by the boiling method as 
Pulsed-field Gel Electrophoresis (PFGE)
PFGE was carried out following the standardized PulseNet protocol for L. monocytogenes [36] . Briefly, genomic DNA was prepared by mixing 240 µl of standardized cell suspension and 60 µl of 10 mg/ml lysozyme solution (Sigma, St. Louis, MO), followed by incubation at 37°C for 10 min. Sample plugs were digested with 25 U of AscI (New England BioLabs, Ipswich, MA) at 37°C for 3 h. Plugs were then loaded on 1.2% Megabase agarose gel (Bio-Rad, Hercules, CA) in 0.5× Tris-Borate EDTA buffer (TBE, EMD Chemicals, Billerica, MA) at 14°C and electrophoresed on a CHEF-DR III apparatus (Bio-Rad Laboratories) using the following parameters: initial switch time, 4s; final switch time, 40 s; run time, 22 h; angle, 120°; gradient, 6 V/cm; temperature, 14 °C; ramping factor: linear. The PFGE patterns were analyzed using the BioNumerics software (version 6.5; Applied Maths, Austin, TX). The TIFF images were normalized by aligning the peaks of the size standard strain (L. monocytogenes H2446), which was loaded in at least two lanes on each gel. Clustering was performed by using the Dice similarity coefficient and the unweighed pair group method with arithmetic means (UPGMA), with 1.5% of position tolerance and 1% optimization. 
RESULTS

Seventy
L. monocytogenes and L. innocua have been the most prevalent Listeria species in food
and food processing environments [10, 37] . Although they were also seen in high prevalence in this study, L. welshimeri outnumbered both species, which was mainly due to its high recovery in chicken. In a similar study, L. welshimeri predominated in ready-to-eat meat and fish in Canada [38] , suggesting possible food variations in Listeria contamination.
Tetracycline resistance is still a common resistance phenotype in Listeria as reported in several studies [8, 21, 39] . This was also evidenced in the current study and may be an indication of extensive tetracycline use in meat production. Identification of ciprofloxacin resistance in Listeria was not surprising as nalidixic acid has been commonly used as a selective agent in Listeria isolation and may have selected ciprofloxacin resistance in some isolates.
Vancomycin is one of the last resources for many Gram-positive bacteria infections and can be used to treat primary Listeria bacteremia [40] . Although no clinical infections due to vancomycin-resistant Listeria have been reported, resistant strains of Listeria have been isolated from food products. Researchers in Europe have reported vancomycin resistance in L. monocytogenes in fish [41] and L. innocua in retail food [8] . Together with our findings of vancomycin resistance in two L. welshimeri and one L. innocua, the data may suggest an important reservoir of vancomycin resistance in Listeria of environmental origin. Previous studies also showed that vanA was able to transfer via conjugation from Enterococcus faecium to multiple Listeria species, including L. monocytogenes [23, 42] . Failure to identify the resistance genes in our study (data not shown) does not exclude the possibility that the vancomycin resistance phenotype in L. welshimeri and L. innocua could also transfer to the human pathogenic L. monocytogenes. Erythromycin can be used to treat listeriosis during pregnancy [40] and erythromycin resistance has been found to be conjugatively transferable within Listeria genus and from Listeria to Enterococcus [38] . Further characterization of antimicrobial resistance mechanisms in Listeria will add more insights into the extent to which food reservoir of antimicrobial resistance contributes to the emergence and dissemination of antimicrobialresistant Listeria with potential to cause human disease.
In spite of the highest contamination rate of L. welshimeri in meat, among 58 isolates analyzed by antimicrobial susceptibility testing, only four were antimicrobial resistant, demonstrating much lower resistance prevalence than L. innocua and L. monoctyogenes. This contrasts with the findings by Davis and Jackson who reported that antimicrobial resistance was more common in L. welshimeri than that in the other two species [22] . They also identified higher resistance prevalence in L. welshimeri and L. innocua to penicillin and clindamycin than L. monocytogenes. However, due to the limited number of L. welshimeri isolates in that study (six L. welshimeri, four L. innocua, and 90 L. monocytogenes), a species by species comparison of the two studies could not be made, although in both studies L. innocua appeared to be a common reservoir of antimicrobial resistance. Similarly, Walsh et al. [8] reported 19.5% of L. innocua versus 0.6% of L. monocytogenes were antimicrobial resistant and no resistance phenotypes were observed in L. seeligeri or L. welshimeri. Higher tetracycline resistance prevalence was also reported in L. innocua than other species [39, 43, 44] . Altogether, these data suggest that interspecies variation may exist in antimicrobial susceptibilities in Listeria.
However, questions remain as to whether L. innocua is a larger reservoir of antimicrobial resistance than other Listeria species because there was no marked difference between L. innocua and L. monocytogenes in terms of prevalence of either tetracycline resistance or the overall antimicrobial resistance in our study. Regardless, the fact that all nine samples contaminated with more than one Listeria species in this study carried L. monocytogenes raises public health concern as co-existence of multiple species on same food samples increases the cell-to-cell contact and thus facilitates resistance gene transfer to the pathogenic species, such as
L. monocytogenes.
Variation in sensitivity to food sanitizing agents has been reported in L. monocytogenes serotypes. Serotypes 1/2a and 1/2b demonstrated higher resistance prevalence to benzalkonium chloride than serotype 4b isolated from the turkey processing plants [31] . The same group also found serotypes 1/2a and 1/2b to be more resistant than serotype 4b to broad-host-range phages isolated from the plants [29] . A French study also identified low sensitivity to quaternary ammonium compounds in seven L. monocytogenes serotypes 1/2a and 1/2c from food products and environmental samples in the food industry, in comparison to all 37 serogroup 4 isolates being sensitive [30] . The data suggest a possible variation in the susceptibility of L. [45] , it was not surprising to see separate clusters of 1/2a and 1/2b on the dendrogram. However, the one-band difference between 14-1 and 15-1 from each of these two serotypes suggests some relatedness between the serotypes and that they may have evolved from a common ancestor and be able to survive on multiple food vehicles. PFGE patterns may not be a reflection of antimicrobial resistance phenotypes because many antimicrobial resistance genes are carried on plasmids that cannot be typed by PFGE, which is evidenced by indistinguishable PFGE patterns (4-2 and 4-4, 24-1 and 24-2) with different antimicrobial susceptibility profiles. The recovery of these two pairs of isolates from the same beef samples also raises concern of potential gene transfer and emergence of new resistant clones.
Conclusion
It is estimated that approximately 2500 cases of clinical human listeriosis occur every year in the United States, including 500 deaths [45] . The incidence of human listeriosis cases reported range from 0.2 to 0.8 sporadic cases/100,000 people a year in the United States and Europe [11, 12] . The high mortality rate of listeriosis cases had led governments and food safety agencies worldwide to take serious measurements to reduce the occurrence of L. monocytogenes in the food production chain. In spite of the fact that the United States, for example, had adopted the so called "Zero-tolerance" for Listeria monocytogenes in RTE foods, [45] Systems to improve compliance and reduce risk in the food chain.
